Abstract A historical retrospect and a taxonomic update will deal with Sebacina s.l. and s.str., Craterocolla, Efibulobasidium, Serendipita, Trem ell odendron, Trem ell oscypha, Tremellostereum, and Piriformospora, the Sebacinaceae, and the Sebacinales. Phylogenetic hypotheses for the order and subordinal taxa are discussed, including environmental sequence taxa. The cryptic biodiversity in Sebacinales is extensive but mostly unresolved with respect to the species involved.
suggesting future possibilities for agricultural applications. The genomes of this species and of Sebacina vermifera have been sequenced recently, thus opening new fields in studying and understanding functional and evolutionary aspects.
History and taxonomy
In 1871, the french mycologists Louis René and Charles Tulasne erected the genus Sebacina with the type species S. incrustans (Figs. 1a and 2c). They recognized that Corticium incrustans, described by Persoon in 1796, is phragmobasidiate in contrast to the holobasidiate Corticium species. The species prefers to grow on soil, encrusting litter and plant material on the ground. Also, fruiting on soil is typical for another common species in forests, S. epigaea (Fig. 1b) , transferred by Bourdot and Galzin (1927) to Sebacina. Already in 1848, Berkley and Broome found the longitudinally septate, tremelloid basidia, and consequently described the thus far unknown species as Tremella epigaea. A species with a dimitic hyphal system was recognized by Oberwinkler (1963) and described as S. dimitica (Fig. 1c) .
When studying inconspicuous corticioid Basidiomycetes, Oberwinkler (1964) found a Sebacina with scattered hyphae, which forms neither a basidiocarp nor a hymenial layer, and is therefore not visible to the naked eye. Because of its nematode-like basidiospores, the species was named S. vermifera (Figs. 1j and 2l). Warcup and Talbot (1967) succeeded to isolate and cultivate a basidiomycetous fungus from orchid roots in South Australia. They found tremelloid basidia and vermiform basidiospores in culture, and consequently identified the isolate as S. vermifera. Roberts (1993) typified his newly introduced genus Serendipita with S. vermifera ss. Oberwinkler. Another inconspicuous species with efibulate hyphae, Sebacina allantoidea, has been described by Kirschner and Oberwinkler (2002) . Additional taxa cannot be discussed here, because micromorphology is not documented sufficiently and molecular data are lacking.
The family Sebacinaceae has been proposed by Oberwinkler and Wells (in Wells and Oberwinkler 1982) to cover species of the genera Sebacina, Tremelloscypha (Figs. 1g and 2d-g), and Tremellodendron (Figs. 1h, i and 2j, k). Efibulobasidium (Figs. 1d and 2h, i) was assigned tentatively to the new family. Ryvarden (1986) erected Tremellostereum with a single species, previously called Stereum dichroum Lloyd (Fig. 1f) , which shares sebacinoid characters. Based on molecular phylogenetic analyses, Weiß et al. (2004) confirmed Efibulobasidium as a member of the family, including in it also Craterocolla (Figs. 1e and 2a, b) , and raising the group to ordinal rank. Molecular phylogenetic evidence for the ectomycorrhizal status of Tremellodendron was found by Walker and Parrent (2004) .
Piriformospora indica (Verma et al. 1998) , isolated from soil of the Indian Thar Desert as an anamorphic fungus, has dolipores with continuous parenthesomes of the sebacinalean type. The phylogenetic relationship with Sebacinales has been documented by various molecular hypotheses, e.g. Weiß et al. (2004 Weiß et al. ( , 2011 . A second species, P. williamsii, with multinucleate cells, has been recently described by Zuccaro and Weiß in Basiewicz et al. (2012) . Based on molecular phylogenetic analyses, enzymatic profiling, genome size estimations and karyotype analyses of five S. vermifera strains, P. indica, and P. williamsii, the authors could identify specific differences in the physiological and molecular parameters inferred from these morphologically very similar strains. Dolipores with continuous parenthesomes are a common ultrastructural marker for Sebacinales, first documented for Sebacina and Tremellodendron by Khan and Kimbrough (1980) and confirmed for Sebacina by Oberwinkler (1985) . A basidiomycete with sebacinoid dolipores occurred in living cells of mycorrhizal hair roots of Calluna vulgaris (Bonfante-Fasolo 1980) . Ultrastructural studies by Filipello Marchisio et al. (1985) of endophytes of native Italian Dactylorhiza maculata, D. sambucina, and Platanthera bifolia revealed dolipores with continuous parenthesomes, suggesting Sebacina and/or Tulasnella mycobionts. Williams and Thilo (1989) compared the dolipores of multinucleate Rhizoctonias with the dolipore of Sebacina vermifera ss. Warcup and Talbot, reaffirming the earlier findings. Also Currah and Sherburne (1992) studied orchid mycorrhizae forming fungi (ORMs), including Sebacina sp., with identical results. Again, in comparative studies of selected species of the Rhizoctonia s.l. complex, Andersen (1996) , and Müller et al. (1998) were able to document dolipores with continuous parenthesomes. Epulorhiza (Sebacina) strains, isolated from Australian orchids and studied by Gleason and McGee (2001) , showed the same ultrastructural characteristics. Dolipores of sebacinoid, tulasnelloid, ceratobasidioid and homobasidiomycetous mycobionts of Ecuadorian ORMs were illustrated by Kottke and Suárez Chacón (2009, Fig. 3d ). Sebacina in ectomycorrhizae (ECM) of Carpinus betulus, Corylus avellana were illustrated by Selosse et al. (2002a) , in ECM of Tilia sp. by Urban et al. (2003) , and Salix waldsteiniana by Garnica et al. (2012) .
Phylogenetic hypotheses
Molecular data led Weiß and Oberwinkler (2001) to conclude that the Sebacinaceae do not belong to the Auriculariales. Their sebacinoid sampling included species of the genera Wells and Oberwinkler 1982) . d-g Tremelloscypha gelatinosa; d section of basidiocarp, bar 2 cm, e hyphae of pileus surface, f hyphae of stipe, g part of the hymenium with basidia of different developmental stages, dikaryophyses and basidiospores, bar 20 μm for e, f, g, (g from Wells and Oberwinkler 1982) . h Efibulobasidium sp., part of the hymenium with basidia of different developmental stages, bar 20 μm. i Conidia of Chaetospermum gossypinum derived from cultivated Efibulobasidium albescens, bar 20 μm (from Kirschner and Oberwinkler 2009 ). j, k Tremellodendron candidum (from Wells and Oberwinkler 1982) ; j basidiocarp, bar 2 cm, k section of hymenium and subhymenium with basidiospores, bar 20 μm. l Sebacina (Serendipita) vermifera, hyphae, basidia in different developmental stages, and basidiospores, bar 20 μm (from type, Oberwinkler 1964) Craterocolla, Efibulobasidium, Piriformospora, Sebacina, Tremellodendron, and Tremelloscypha. In addition, sebacinoid ectomycorrhizae from various hosts, ericoid mycorrhizae from Gaultheria shallon, orchid mycorrhizae from autotrophic and apochlorotic (= mycoheterotrophic) hosts (e.g. in Selosse et al. 2002b) , and jungermannioid mycothalli from the genera Calypogeia and Lophozia were included (Kottke et al. 2003) . These taxa represented a well supported monophylum, including two major clades. In following studies, more and more extended samplings of root-derived sebacinalean sequences became available. The originally indicated dichotomy of two intra-sebacinalean clades ("Group A" versus "Group B") became gradually more evident (Urban et al. 2003; Setaro et al. 2006a; Selosse et al. 2007; Weiß 2007; Selosse et al. 2009 , Weiß 2010 Weiß et al. 2011) .
The following discrepancies became obvious: (1) Sebacina species based on macromorphological characters do not cluster in a monophylum in molecular hypotheses. The same holds for Efibulobasidium and Tremellodendron.
(2) Sebacina vermifera ss. Warcup and Talbot is not identical with the type of S. vermifera as described by Oberwinkler (1964) . Micromorphological differences in hyphal and basidial morphology may support the separation of both taxa. (3) Sebacina vermifera ss. Warcup and Talbot Suárez et al. (2008) . d Dolipore from Sebacina-Sobralia ORM, PA continuous parenthesome, bar 0.5 μm, Kottke and Suárez Chacón (2009) . e Sebacina-Arbutus unedo EEM, cc cortical cell, Hn Hartig net, ih intracellular hyphae, bar 10 μm, Selosse et al. (2007) . f Sebacina-Erica cinerea ERM, intracellular hyphae in hair roots, black arrowhead points to dolipore, white arrowheads point to plant mitochondria, s intracellular sebacinalean hyphae, bar 5 μm, Selosse et al. (2007) . g Sebacina-Gaultheria poeppigii ERM, arrowheads point to continuous parenthesomes, star marks hyphal septal wall, bar 0.2 μm, Selosse et al. (2007) . h Sebacina-Cavendishia nobilis CVM, cc cortical cell, cw cell wall, hs hyphal sheath, ih intracellular hyphae, V vacuoles, bar 5 μm, Setaro et al. (2006a) . i SebacinaPsammisia guianensis CVM, ih intracellular mycobiont hyphae, hs hyphal sheath, bar 10 μm, Setaro et al. (2006b) . j Dolipore from a hypha in a Sebacina-Calypogeia mycothallus, arrow points to continuous parenthesome, bar 0.5 μm, Kottke et al. (2003) . k, l Sebacina endophytic in Triticum aestivum, Riess (2009) , k light microscopic overview of a host cell of the outer exodermis layer with a sebacinalean endophyte, bar 20 μm; l intracellular Sebacina hyphae, one with dolipore, cw cell wall, bar 1 μm. CVM cavendishioid mycorrhiza, ECM ectomycorrhizae, EEM ectendomycorrhizae, ERM ericoid mycorrhiza, ORM orchid mycorrhizae isolates do not represent a monophyletic group according to molecular hypotheses. Further data are lacking. In addition, the phylogeny of Tremellostereum is unknown, and Chaetospermum spp. and Piriformospora spp. are only known as asexual stages.
In most sebacinalean genera studied in detail, species delimitations based on structural characters appear to be rather difficult or impossible. For molecular species delimitation, a distance threshold of 3 % of ITS1 and ITS2 has been applied to Sebacinales by various authors, as discussed by .
Biodiversity in sebacinalean mycorrhizae, endophytes and their associations with plants (Figs. 3 and 4)
Four taxon groups are recognized for structuring the biodiversity in Sebacinales: (1) teleomorphs, (2) anamorphs, (3) mycorrhizae, and (4) root associates, called endophytes, thus circumscribing vaguely morphologically indistinct but presumably physiologically very active fungi, as proven for Piriformospora indica. The most intriguing fact in Sebacinales research is the huge number of environmental sequences that accumulated in a very short time by molecular detection of rootassociated and thallus-associated sebacinalean fungi, demonstrating here, as in many other domains of microbiology, the power of molecular ecology, but also its limits. Most are not known as organisms, thus hampering further studies heavily.
Sebacinalean ectomycorrhizae (ECM)
Teleomorphic Sebacinales are known only from Sebacinaceae s.str., and of Serendipita vermifera and Sebacina vermifera ss. Warcup and Talbot (1967) that cluster in Group B. In addition, there are many sequence taxa known from diverse ectomycorrhizal (ECM) hosts. They are reviewed here in a strongly abbreviated version, using host taxa as a guideline. It is noteworthy to consider that most molecular ECM studies before 2004 did not sample and/or identify sebacinalean mycobionts. Given the frequency of these taxa on tropical and temperate ECM hosts (Tedersoo and Nara 2010) , they were likely deliberately excluded as contaminants before 2004.
The comprehensive compilations of ECM data of Agerer (1987 Agerer ( -2008 include also identified and/or potential species of Sebacina. Micromorphological, chemical, ecological and colour characters of Sebacina ECMs have been summarized by Agerer (1991 Agerer ( , 2006 : ECM brownish, short distance exploration types, emanating hyphae clampless and smooth, often with thick walls, cystidia and mantle hyphae dextrinoid, cystidia (light blue), cavendishioid mycorrhizae (purplish), arbutoid mycorrhizae (blue). Dendrogram after angiosperm phylogeny website, strongly modified dichotomously, tritomously, or quadritomously branched. The latter character is unexpected, because cystidia are lacking in all known basidiocarps. The ectomycorrhizal lifestyle in fungi, including Sebacinales, has been critically reviewed on a global scale by Tedersoo et al. (2009a) . An information system for the characterization and determination of ectomycorrhizae is available as an internet platform Rambold 2004-2009) , and another one by Kõljalg et al. (2005) .
Pinaceae ECMs of Sebacina incrustans on Picea abies were first reported by Urban et al. (2003) . Cline et al. (2004) found Sebacina-ECMs on Pseudotsuga menziesii in Washington State, USA. In a comprehensive study on the diversity and community structure of ECMs in a wooded meadow in Estonia, Tedersoo et al. (2006) recorded Sebacina epigaea and S. incrustans on Picea abies. While studying the host effects on ectomycorrhizal fungal communities in Japanese mixed conifer-broadleaf forests, Ishida et al. (2007) found considerable amounts of Sebacinales mycobionts, misnamed as Exidiaceae, in Abies homolepis and Tsuga sieboldii.
Sebacina sp. appeared as the third dominant ECM of Pinus thunbergii in coastal pine forests in Korea (Obase et al. 2009 ). Sebacina sp. was recorded from Pinus sylvestris on serpentine soil in East Austria by Urban et al. (2008) . Among ectomycorrhizal fungi of Keteleeria davidiana and K. evelyniana of Southwest China, sebacinoids were also present (Ge et al. 2011 ). Reithmeier (2011 studied the facilitation of ectomycorrhizal colonization of Picea mariana by alternate host plants above treeline in Labrador. Sebacina spp. are essential components in these organismic interactions. Wang and Guo (2010) reported Sebacina sp. as common ECM mycobionts of the Chinese Pinus tabulaeformis, and Wei and Agerer (2011) described two sebacinalean ECMs, Pinirhiza multifurcata and P. nondextrinoidea from P. tabulaeformis, verified as Sebacinales Group A taxa by molecular hypothesis based on nLSU sequences. Further, Picea abies and Pinus mugo had sebacinalean ECM mycobionts in the Bavarian Alps (Garnica et al. 2012) .
Cyperaceae found Sebacina incrustans as an ECM species in Kobresia myosuroides. A total richness of operational taxonomic units (OTUs) of 70 has been determined in two Kobresia species in the eastern Himalaya, seven of them belonging to Sebacinales (Gao and Yang 2010).
Polygonaceae The circumpolar and arctic-alpine Bistorta vivipara is one of the rare species that can be associated both with glomeralean fungi to form arbuscular mycorrhizae (AMF) and with ECM fungi, including Sebacina sp. (Eriksen et al. 2002; Kauserud et al. 2012) . In plants of the Tyrolean Rotmoos glacier forefront, , and in the Bavarian Alps, Garnica et al. (2012) found S. incrustans and several unnamed species of Sebacinales as ECM fungi in B. vivipara. Changes in the root-associated fungal communities along a primary succession gradient, analyzed by 454 pyrosequencing, has shown Basidiomycota, including Sebacina, as the dominant fungi by the numbers of OTUs and sequences (Blaalid et al. 2012) . Tremelloscypha gelatinosa has been reported for the first time from Yucatan, Mexico by Guzman (2004) . It is a common edible fungus in forests with Gymnopodium floribundum, Polygonaceae, in Chiapas, Mexico (Bandala et al. 2011) , and is considered as a potential ECM mycobiont of this polygonaceous host.
Betulaceae In a study of Neottia nidus-avis, a nonphotosynthetic orchid, symbionts with fungal-tree associations of sebacinoids have been recorded from Corylus avellana and Carpinus betulus by Selosse et al. (2002b) . Tedersoo et al. (2006) found Sebacina spp. on Alnus sp., Betula spp. and Corylus avellana in a wooded meadow in Estonia. As in Pinaceae and Fagaceae, sebacinalean ECMs are present in Japanese mixed forests on Betula maximowicziana, B. grossa, and Carpinus japonica (Ishida et al. 2007 ). Studies of ECMs in Mexican Alnus forests, supporting the host co-migration hypothesis, also included sebacinalean fungi (Kennedy et al. 2011) .
Fagaceae Sebacina ECMs with Fagus sylvatica were recorded in France by Selosse et al. (2002a) . In ECM species of the Minnesota oak savanna, Quercus ellipsoidalis and Q. macrocarpa, Avis et al. (2003) found Sebacina spp. and Tremellodendron pallidum as mycobionts. In an old-growth Mediterranean forest dominated by Q. ilex, Sebacinales ECMs play an essential role (Richard et al. 2005; . Quercirhiza dendrohyphidiomorpha on Q. suber in Portugal (Azul et al. 2006 ) is considered a sebacinoid ECM (Wei and Agerer 2011) . Sebacina sp. was detected by Tedersoo et al. (2006) on Q. robur in Estonia. As mentioned above for Pinaceae and Betulaceae, Fagaceae are also hosts for Sebacinales mycobionts in Japan, as shown for Fagus crenata, F. japonica, and Q. crispula (Ishida et al. 2007 ). In xeric Californian Q. douglasii woodlands, a high diversity of ECM mycobionts, including Sebacinales, is present (Smith et al. 2007 ). The ectomycorrhizal community in beech coppices of different age in North Italy (Trento) also includes sebacinoids (Di Marino 2008) . ECMs of Q. crassifolia in a Mexican tropical cloud forest contained sebacinalean fungi (Morris et al. 2008) . Sebacinales ECM in Tasmanian Nothofagus cunninghamii has been found by Tedersoo et al. (2008a Tedersoo et al. ( , 2009b . Tremellodendron sp. is involved in ECM seasonal dynamics of Q. rubra and Q. prinus seedlings in the southeastern Appalachian Mountains (Walker et al. 2008) . A molecular survey of ectomycorrhizal hyphae in a Californian Quercus-Pinus woodland revealed sebacinalean mycobionts in Q. douglasii and Q. wislizeni (Hynes et al. 2010) . Quercus garryana, grown on serpentine and nonserpentine soils in southwestern Oregon, was associated with sebacinalean ECMs in both cases (Moser et al. 2009 ). In a comparative study of Q. rubra-associated ECM communities of disturbed urban sites and mature forests, Sebacina sp. has been identified (Karpati et al. 2011) . Sebacina epigaea is a mycobiont in ECMs of Castanea sativa in Western Wisconsin (Palmer et al. 2008) . Sebacina ECMs were found in both healthy and Phytophthora-infected stands of C. sativa in Central Italy (Blom et al. 2009 ). Fagus sylvatica of subalpine stands in the Bavarian Alps has sebacinalean ECM mycobionts (Garnica et al. 2012) .
Juglandaceae Sebacinoid ECMs were present in orchards of cultivated Carya illinoinensis (Bonito et al. 2011 ).
Rosaceae Ectomycorrhizal diversities on Dryas octopetala and Salix reticulata in an alpine cliff ecosystem have been studied by Ryberg et al. (2009) . They recorded Sebacinales as essential components in this highly specialized ecosystem. Within 137 OTUs sequenced from D. octopetala, 6,9 % belonged to Sebacinales (Bjorbaekmo et al. 2010) . Garnica et al. (2012) also recorded Sebacina mycobionts on D. octopetala ECMs in the Alps. In contrast, Sebacinales were not reported by Harrington and Mitchell (2005a, b) in ECMs associated with a relict population of D. octopetala in the Burren, western Ireland, using ECM morphotypes for identification.
Rhamnaceae Sebacinales ECM in Tasmanian Pomaderris apetala has been documented by Tedersoo et al. (2008a) .
Fabaceae In Dicymbe corymbosa (Caesalpinioideae) monodominant forests of the Guiana Shield, Henkel et al. (2011) found 172 putative or confirmed ECM species of a broad range of Ascomycota and Basidiomycota, including three species of the Sebacinales, Sebacina incrustans, S. sp., and Tremellodendron ocreatum. In Zambian plantations of Australian eucalypts, native African caesalpinioid trees, Brachystegia longifolia, Isoberlinia angolensis, and Julbernardia paniculata also grew up, the first and last one associated with Sebacinales ECMs of African origin ).
Myrtaceae Warcup (1988 Warcup ( , 1991 could show that some strains of Sebacina vermifera were able to form ECMs with eucalypts and other plants, and ORMs with chlorophyllous terrestrial orchids, including Microtis spp. Glen et al. (2002) raised the question whether Sebacinales are common and widespread ectomycorrhizal associates of Eucalyptus marginata in Australian forests. At that time, they discussed three species: Sebacina dimitica, S. epigaea, and S. vermifera ss. Warcup and Talbot. The latter one was not found. ECM in Tasmanian E. regnans has been recorded by Tedersoo et al. (2008a) . Co-introduced Australian ECMs of eucalypts in clearcut miombo woodlands in Zambia contained Sebacinales . Except for one uncertain strain, the sebacinoids were identified molecularly as of African origin. They also occurred partly on native caesalpinoid trees (see above).
Malvaceae Sebacinales ECMs on Tilia spp. were first found in Lorraine, France, (Selosse et al. 2002a) , and then around Vienna, Austria (Urban et al. 2003) . Sebacina epigaea and S. incrustans were later reported as ECM mycobionts on T. cordata in Estonia (Tedersoo et al. 2006) . In a Central European mixed forest, sebacinalean ECMs were frequently detected on Carpinus and Tilia, but not on Fagus (Lang et al. 2011) . Tilia x vulgaris ECMs in Padova city, Italy, carry considerable amounts of Sebacinales ECMs (Alzetta et al. 2012 ).
Dipterocarpaceae The ectomycorrhizal Pakaraimaea dipterocarpacea of the Guayana region is considered to indicate an ancient Gondwana origin of dipterocarpaceous ECMs, including sebacinalean taxa (Moyersoen 2006) . In a lowland mixed-dipterocarp rainforest of Borneo, Peay et al. (2010) studied the ectomycorrhizal community that included Sebacinales, suggesting a potential link between plant and fungal distributions. Sebacinales constituted one of the 17 phylogenetic lineages of ECM mycobionts in a dry deciduous dipterocarp forest in Thailand (Phosri et al. 2012) .
Salicaceae In the forefront of the receding Lyman Glacier, Washington, USA, Trowbridge and Jumpponen (2004) found Sebacina vermifera on Salix spp. Because of unclear morphological characters, the species was omitted from further analyses. Sebacina incrustans ECM of the alpine S. herbacea on a glacier forefront in the Austrian Alps was very abundant in 2005, but rather rare in 2006 . Salix reticulata together with Dryas octopetala (see above) are rich in sebacinalean ECMs in cliff ledges at Abisko, northern Sweden (Ryberg et al. 2009 ). In the Bavarian Alps, S. appendiculata and S. waldsteiniana have sebacinalean ECMs (Garnica et al. 2012, compare Fig. 3a,b) . Populus tremula ECMs included Sebacina epigaea and S. incrustans in Estonia (Tedersoo et al. 2006) . Sebacinales were present in the ECM fungal community of 8-year-old transgenic Populus alba x P. grandidentata of the Valcartier Research Station, Canada (Stefani et al. 2009 ).
Distribution mechanisms Obviously, in addition to the fungal propagation potentials, as basidiospore and conidium dispersal, natural and human-caused distribution patterns of host taxa are important for the spread of mycobionts. However, it has to be considered that the distributive mechanism for the symbionts is most likely a cooperative one, e.g. ontogenetic stages of the hosts and competitive space occupation of the mycobionts are involved. In addition, diverse abiotic habitat conditions often play a considerable role as determining factors for distribution efficiency. Tedersoo and Nara (2010) stated that the general latitudinal gradient of biodiversity is reversed in ECM fungi, including Sebacinales; i.e. the tropics are less ECM-rich than extratropical regions. According to , the holarctic region harbours most of the ECM lineages, including Sebacinales. In addition, a global and austral distribution pattern has been distinguished. Even tropical Dipterocarpaceae and Caesalpinoideae cannot be characterized by specific mycobiont groups. Bahram et al. (2012) found evidence for host range expansions of local symbionts, including sebacinoids, to distantly related host taxa in exotic Pinus sylvestris plantations in relation to native host trees, Carpinus betulus, Fagus orientalis, and Quercus castaneifolia, in the Hyrcanian forests of Iran. Based on molecular evidence, Geml et al. (2012) concluded that longdistance dispersal of some ECM fungi, including Sebacina species in the Northern Hemisphere, may have played a major role in their phylogeographic history. Human-caused introductions of ECMs are common and widespread, and may exceed 200 species (Vellinga et al. 2009 ). However, species with inconspicuous fruitbodies, as most sebacinalean taxa, are rarely or not reported at all.
Ecology One of the most intriguing facts in ECMs and other mycorrhizae is the high number of mycobionts that are, simultaneously, successively, and potentially associated with one host species. Therefore, Sebacinales are part of a diverse mycobiont community available for interactive functions. In temperate deciduous forests, Sebacinales ECMs seem to co-dominate with those of Russulales and Thelephorales Smith et al. 2007; Tedersoo 2007) . Sebacina ECMs as short-distance exploration types (Agerer 2001) in young Picea abies stands of the Bavarian limestone Alps preferred the organic layer (Baier et al. 2006 ) of soil horizons. Studies of fine-scale distribution patterns of ECM fungi across substrate layers in Estonia showed dominating Sebacinales in the upper coarse woody debris (Tedersoo et al. 2003 ). They were rare in the lower one and lacking in the other layers. Underground primary succession of ECMs in the volcanic desert on Mount Fuji, Japan, was studied by Nara et al. (2003) . Nara (2006) considered Salix reinii as a pioneer for providing compatible ECMs, including Sebacinales, to further colonizers like Betula ermanii and Larix kaempferi. Diverse soil conditions and host trees support the high richness of ECMs, including Sebacinales, in wooded meadows in Estonia (Tedersoo et al. 2006) . ECM diversity and community composition, including Sebacinales, in five common Estonian boreal microsites, with Picea abies and Betula pendula, have been analyzed by Tedersoo et al. (2008b) . Obviously, ECM communities are determined by the decay type of dead wood that functions as seed bed for trees and fungi. Post-fire, seasonal and annual dynamics of ECM communities in Quercus ilex forests have been examined by de Román and de Miguel (2005) over a 3-year period. A maximum of mycorrhization was found in winter, and an increase of ECMs over the sampling period in the burned stand. In total, however, no significant differences in diversity, species richness, and species composition could be found in comparison with the control plot. Liming led to a reduction of acidophilic ECMs, and in contrast, to an increase of ubiquist mycobionts in ectomycorrhizal communities of the Vosges (Rineau 2008; Rineau and Garbaye 2009 ). The relative abundance of Sebacina epigaea on root tips of Fagus sylvatica was 1 % in untreated and 2 % in limed plots. The mean contribution of this species to eight potential enzyme activities was high in untreated spruce and beech plots, and varied considerably in limed ones. In naturally regenerating beech forests of North Spain, Sebacina ECMs appeared restricted to unmanaged Fagus sylvatica stands (Goicoechea et al. 2009 ). In ECM communities associated with Pinus thunbergii in the eastern coastal forests of Korea, Sebacinales mycobionts showed high abundance and frequency (Obase et al. 2009 ). In the Western Amazonian rainforest of Northeast Ecuador, ECMs had a low diversity but a high host preference . Sebacina spp. and Tremellodendron pallidum were associated with Coccoloba spp. (Polygonaceae) but not with Guapira spp. and Neea spp. (Nyctaginaceae). Fungal dispersion and host sharing seem to be essential for ECM communities associated with Pakaraimaea dipterocarpacea (Moyersoen 2012) . In ECMs, including Sebacinales, of wooded savannas and rain forests of Continental Africa and Madagascar, Tedersoo et al. (2011) found low levels of host preferences and communities little structured by soil parameters. The positive role of host preference and soil origin on mycorrhizal diversity of seedlings was quantitatively documented in ECMs, including Sebacinales, of Pinus armandii, P. massoniana, Castanopsis fargesii, and Lithocarpus harlandii, in natural forests and deforested sites of Sichuan, China, by Ding et al. (2011) . There were little changes in seasonal dynamics and in response to drought in sebacinalean ECMs of a Mediterranean forest dominated by Quercus ilex (Richard et al. 2011) . ECM networks of adult Pseudotsuga menziesii seemed to be advantageous for their seedlings, especially under drought stress (Bingham and Simard 2012) . The dominant OTUs of Pinus montezumae ECMs were composed of Atheliaceae, Cortinariaceae, and Sebacinaceae, but differed on seedlings and adult pines (Reverchon et al. 2012) . Surprisingly, Dickie and Moyersoen (2008) did not refer to Sebacinales in their overview towards global aspects of ectomycorrhizal ecology.
Physiology of sebacinalean ECM ECM mycobionts of Sebacinales, except of Sebacina vermifera, have not yet been cultured axenically. Therefore, they have rarely been used in experimental approaches. Sucrose from host plants is mostly hydrolyzed by fungal plant parasites into their monosaccharides by glycosyl hydrolase family 32 enzymes (GH32). Genes for such enzymes were lacking in 46 basidiomycetous ECM fungi, with the remarkable exception of Sebacina incrustans (Parrent et al. 2009 ), but they were present in 16 of 54 surveyed non-mycorrhizal Agaricomycetes. A putatively secreted sucrase was identified in the genome draft of P. indica, suggesting a wide-spread distribution of the enzyme in the Sebacinales ).
Orchid mycorrhizae (ORM)
Studies in orchid mycorrhizae (ORM) have a long tradition. "L'évolution dans la symbiose des orchidées et leurs champignons commensaux" by Bernard (1909) , and "Die Wurzelpilze der Orchideen, ihre Kultur und ihr Leben in der Pflanze" by Burgeff (1909) were the first comprehensive publications dealing with the biology of ORMs. Strikingly, the discovery of the symbiotic germination of orchid seeds was made by Bernard on Neottia nidus-avis where Sebacinales are involved (Bernard 1899 , see Selosse et al. 2011 ), but at that time the identification of the mycobiont was impossible. Another outstanding treatment was "Saprophytismus und Symbiose, Studien an tropischen Orchideen" by Burgeff (1932) . "Terrestrial orchids from seed to mycotrophic plant" by Rasmussen (1995) is an essential contribution to all aspects of orchid biology in premolecular times. Orchid mycorrhizal research has been summarized by Dearnaley (2007) , by Smith and Read (2008) in their famous "Mycorrhizal symbiosis", covering all other aspects of mycorrhizae, and by Kottke and Suárez Chacón (2009) A breakthrough in experimental research was the successful isolation and axenic culture of mycobionts, including Sebacina vermifera, of terrestrial Australian orchids by Warcup and Talbot (1967) . Molecular techniques had a stimulating impact on ORM research, and the design of a selective primer for Sebacinales' internal transcribed spacer, namely ITS3Seb, by Berbee (Setaro et al. 2006a ) was another remarkable step forward for studies of these fungi. The ITS primers and sequences for improved characterization of basidiomycetous ORMs were reviewed by Taylor and McCormick (2007) . Further Sebacinales-specific primers were designed by Weiß et al. (2011) and Garnica et al. (2012) .
Seedling development of orchids requires fungal assistance. Adult orchids are also associated with mycobionts, green orchids depend on ORMs for mineral supply while mixotrophic, and mycoheterotrophic ones fully depend on ORMs for mineral and carbon nutrition. Predominant mycobionts are Basidiomycota: Sebacinales, Tulasnellales, Ceratobasidiales, Thelephorales, Russulales, and some species of Agaricales. Ascomycota are also known as ORM mycobionts (Dearnaley et al. 2013 ).
Symbiotic development
Isolates of Sebacina vermifera-like fungi (Warcup 1971 (Warcup , 1981 (Warcup , 1988 (Warcup , 1991 , identified by their teleomorphs and considered as identical with the type species (Oberwinkler 1964) , stimulated the germination of Microtis uncinata, and also partly of Caladenia, Cyrtostylis, and Glossodia species. The mycobionts of terrestrial Australian orchids, isolated and identified by Warcup, as summarized by Dearnaley and Le Brocque (2006) , comprise Sebacina in Acianthus, Caladenia, Cyrtostylis, Elythranthera, Eriochilus, Glossodia, Leporella, and Microtis. The endangered Caladenia atroclavia, endemic in the Stanthorpe region of Southeast Queensland, has a mycobiont of the Sebacinales (Dearnaley et al. 2009 ). The fungal isolate is used in ex situ propagation of the host. The functional and genetic diversity of ORMs from single plants of Caladenia formosa was studied by Huynh et al. (2009) . They found multiple mycorrhizal strains of one species close to S. vermifera s.l., and suggested longer-term growth tests to obtain sufficient information on successive interactive functions. A comparative study of germination, seedling development, and mature plants in Cephalanthera and Epipactis species together with neighboring ectomycorrhizal trees and their simultaneously specific ECM mycobionts, including Sebacinales, in various forests of England, France, Germany, and Finland, has been carried out by Bidartondo and Read (2008) and Tesitelova et al. (2012) . One general result of these two studies was that fungal specificity is a bottleneck during germination and development in Cephalanthera but not in Epipactis, which did not show change of its symbionts during development. Sebacinoids were included, but were detected only to 1 % of all unique sequences.
Mycobionts of adult terrestrial orchids
South Australian orchids of the genus Caladenia and the allied genera Elythranthera, Eriochilus, and Glossodia, are closely associated with Sebacina vermifera s.l. (Warcup 1971) . In contrast, these authors found that Diuris mycobionts are Tulasnella calospora, thus indicating patterns of host specificity. Isolates of Rhizoctonia from non-orchids in the Sydney region stimulated the germination of Microtis seeds (Milligan and Williams 1988) , in contrast to the natural mycobionts S. vermifera and T. calospora, isolated from adult Microtis hosts. Besides dominant Tulasnella and Laccaria mycobionts in European Dactylorhiza majalis, Sebacina was also found in plants of the Copenhagen Botanical Garden by Kristiansen et al. (2001) . The changes of ORMs in terrestrial orchids of Hungary and the Czech Republic as a function of the habitat water supply were demonstrated by Illyés et al. (2009) . Sebacinoid mycobionts were found in wet habitats in roots of Dactylorhiza incarnata. According to McCormick et al. (2004) , ORMs of the photosynthetic terrestrial Cephalanthera austinae, Goodyera pubescens, Liparis lilifolia, and Tipularia discolor from the eastern and mid-western USA, comprise Sebacina, although details cannot be found in the data presented. Identification and molecular phylogeny of Epulorhiza isolates from tropical orchids comprised both Sebacina and Tulasnella mycobionts (Ma et al. 2003) . Sebacinoid ORMs were detected in Epipactis palustris in a wetland site not accompanied by ectomycorrhizal plants in Northeast Bavaria, Germany (Bidartondo et al. 2004 ). Shefferson et al. (2005) found that high specificity generally characterizes ORMs in Cypripedium species from North America and Estonia. Mycoendophytes of terrestrial Acianthus, Caladenia and Pterostylis of Southeast Queensland appeared to be specific for their hosts (Bougoure et al. 2005) . Sebacina vermifera, originally isolated from Caladenia dilatata (Warcup 1971 (Warcup , 1981 , has also been found in C. carnea. The ORM diversity and compatibility of the Australian terrestrial orchids C. falcata and Microtis media also include Sebacinales (Bonnardeaux et al. 2007 ). ORMs of the S. vermifera complex in common and rare Caladenia species were characterized taxonomically and functionally by Wright et al. (2010) . The chlorophyllous Stigmatodactylus sikokianus grows in Japan, preferably in the needle litter of Cryptomeria japonica, and is associated with Sebacina mycobionts (Yagame and Yamato 2008; Yagame 2011) . In roots of the Chinese Bletilla ochracea, ten mycobionts, including one sebacinoid species, were detected by Tao et al. (2008) . The colonization patterns of ORMs in Central Japan appear to be specific for Sebacina sp., a mycobiont in Cephalanthera falcata but not in C. erecta, which is associated with thelephoroids (Matsuda et al. 2009 ). Sequence homologies of 5.8S rDNAs from Epulorhiza calendulina, isolated from Paphiopedilum species in Thailand (Nontachaiyapoom et al. 2010) , were related to Sebacina. Kottke and Suárez Chacón (2009) found Sebacina in the Andean Sobralia rosea (Fig. 3d) . Sebacina vermifera strains that were associated with orchid roots could be characterized molecularly and physiologically (Basiewicz et al. 2012) . The photosynthetic Mediterranean meadow orchids Anacamptis laxiflora, Ophrys fuciflora, Orchis purpurea, and Serapias vomeracea were found to be partially mycoheterotrophic (Girlanda et al. 2011 ) and enriched in 15 N, compared with neighboring non-orchid plants. In A. laxiflora and S. vomeracea sebacinoid ORMs were detected, in the latter one also by Weiß et al. (2011) . In La Réunion, Sebacinales represented 9.5 % of the ORM fungi on the 28 terrestrial orchid species investigated by Martos et al. (2012) .
Mycobionts of adult epiphytic orchids
Besides tulasnelloid fungi, Group B Sebacinales were found in ORMs of epiphytic orchids in an Andean cloud forest (Suárez et al. 2006) , and at La Réunion, Sebacinales represented 23 % of the symbionts in the 45 epiphytic species investigated by Martos et al. (2012) . Epiphytic orchids from Ecuadorian mountain rainforests have Group B Sebacinales mycobionts , forming mycorrhizae that were proven ultrastructurally in Stelis spp. (Fig. 3c) and Pleurothallis lilijae.
Mycoheterotrophic and mixotrophic orchids
Bernard (1899) and Magnus (1900) were the first to study and illustrate the symbiotic germination of the apochlorotic, mycoheterotrophic Neottia nidus-avis in detail. The requirement for locally distributed Sebacina spp., necessary for symbiotic germination and development of the European N. nidusavis, has been shown under natural conditions by McKendrick et al. (2002) , while at the same time the sebacinoid mycobionts were detected by Selosse et al. (2002a, b) in roots of adult Neottia nidus-avis. These were demonstrated as ectomycorrhizae on closely growing Picea abies, Pinus sylvestris, Fagus sylvatica, Carpinus betulus, Corylus avellana, Tilia sp., and Populus nigra. Sebacinoids were found as the primary ORMs in the North American apochlorotic desert orchid Hexalectris spicta, phylogenetically intermixed with ECM taxa (Taylor et al. 2003) . Epipactis microphylla, a mixotrophic species of the Neottieae, occasionally having apochlorotic individuals, was studied by Selosse et al. (2004) to obtain data about its ORM mycobionts. In study sites of France, 78 % of investigated root pieces were colonized by Tuber spp., but other associated fungi also included Sebacinales. Another example of mixotrophy of Cephalanthera damasonium from France, involving Sebacinales among other taxa, has been described by Julou et al. (2005) . In a comparative study of mixotrophic green and albino Cephalanthera longifolia from Estonia, Abadie et al. (2006) also found Sebacina in a chlorophyllous plant. Dearnaley (2006) reported sebacinalean endophytes together with saprobic homobasidiomycetes in the mycoheterotrophic Australian Erythrorchis cassythoides. The mycoheterotrophic Aphyllorchis montana and A. caudata from Thailand grow in tropical dipterocarpacean forests, and are associated with diverse ECM fungi including Sebacinales (Roy et al. 2009 ). Ogura-Tsujita and Yukawa (in Motomura et al. 2010) found a shift to exclusively ECM mycobionts, including sebacinoids, in apochlorotic, mycoheterotrophic Cymbidium species in Japan. A general conclusion was that mycoheterotrophy evolved from mixotrophic ancestors and not directly from autotrophic ones in these orchids. The apochlorotic Lecanorchis taxa from Japan, growing in forests with dominant Castanea and Quercus species, have mostly Lactarius and Russula symbionts, but also mycobionts belonging to Atheliaceae and Sebacina (Okayama et al. 2012) . Comparing the nutritional modes of autotrophic and partially to fully mycoheterotrophic orchids of the Mediterranean region and the Macaronesian Islands, Liebel et al. (2010) detected sebacinoid ORMs in the apochlorotic Limodorum trabutianum of Sardinia and in Serapias vomeracea of northern continental Italy. Mycoheterotrophic orchids were found to be limited to Mediterranean forests. Abiotic and biotic factors were considered to influence orchid nutritional modes and distribution patterns. Warcup (1988) has reported that some Sebacina vermifera strains from terrestrial Australian orchids, like Microtis spp., are ectomycorrhizal on Eucalyptus and other ECM trees. Bidartondo et al. (2004) and Selosse et al. (2004) presented evidence that also the photosynthetic orchids Epipactis atrorubens, E. distans, E. helleborine, E. microphyllum, Cephalanthera damasonium, and C. rubra, growing in ECM forests of Northeast Bavaria and France, have connections with their neighbouring ECM trees, and that pathways for C compounds do exist between them. Sebacinales occurred among other fungi in these orchids. The photosynthetic Japanese Platanthera minor is mixotrophic and predominantly associated with Ceratobasidiales ECM fungi ), but additional Basidiomycota, including Sebacinales, and Ascomycota were detected.
ORM-ECM connections

Commercial aspects
Dendrobium chrysanthum and D. nobile are medicinally used orchids in Xishuangbanna, Yunnan, South China that are artificially grown from tissue cultures. Because growth rates and quality of these orchids are poor, efforts are being made to apply natural conditions with symbiotic growth . Five sebacinalean strains could be isolated for further applications in symbiotic germination technologies.
Coevolutionary trends
Arbuscular mycorrhizae are widespread in Asparagales, but they are not convincingly recorded from orchids (Yukawa et al. 2009 ). Typical ORMs do already exist in Apostasioideae, the basal group of the Orchidaceae. The five studied Apostasia species had Botryobasidium and Ceratobasidium mycobionts, and Neuwiedia veratrifolia was associated with Ceratobasidium and Tulasnella. Sebacinoids were found in various host taxa (Fig. 5) . Basidiomycetous ORMs are (2009) predominant, and mycobiont switches and host selectivities cannot be explained; however, Cantharellales sensu Hibbett et al. (2007) , comprising Tulasnellales and Ceratobasidiales, are assumed to constitute the phylogenetically oldest orchid mycobionts. An unexpected finding was the occurrence of Atractiellomycetes in the roots of the epidendroid Elleanthus, Epidendrum, Maxillaria, and Pleurothallis species of Andean origin in Ecuador ). The switch of derived orchids to basal basidiomycetous mycobionts is rather enigmatic. In this study, sebacinalean ORMs of Epidendrum, Pleurothallis, Prostechea, Stelis, and several other unidentified orchids were also detected molecularly.
Ectendomycorrhizae (EEM)
Mycobionts of ectendomycorrhizae (EEM) colonize the root surface with a hyphal sheath, and grow in between and intracellularly in cortical cells. They often belong to ECM taxa. The EEMs include arbutoid and pyroloid mycorrhizal types, and sebacinalean mycobionts belonging to Sebacinales Group A are sometimes involved (e.g. Selosse et al. 2007; Weiß et al. 2011) . From the Fango valley in Corsica, with an old-growth Mediterranean forest dominated by Quercus ilex, Richard et al. (2005) reported diverse basidiomycetous mycobionts, including sebacinoid EEMs in Arbutus unedo that represented 18.6 % of the investigated EEMs. Parallel evolutionary paths to mycoheterotrophy in understorey Ericaceae and Orchidaceae were assumed by Tedersoo et al. (2007) . They revealed ecological evidence for mixotrophy in Pyroleae, and detected sebacinoid mycobionts in Orthilia secunda and Pyrola chlorantha in Kärla, Saaremaa Island, Estonia. In addition to sebacinalean taxa of Group B, 13 ectendomycorrhizae with Group A Sebacinas in roots of the basal Ericaceae, Arbutus unedo (Fig. 3e) and Arctostaphylos uva-ursi, were detected by Selosse et al. (2007) . Group A and B sebacinalean taxa were also found on Estonian Pyrola rotundifolia by Vincenot et al. (2008) . The distribution pattern of mycorrhizal types in Ericaceae allows a coevolutionary hypothesis (Fig. 6) . In ericalean mycoheterotrophic pyroloids and monotropoids and in mixotrophic and heterotrophic orchids, nitrogen gains from mycobionts were documented in plants from northeast Bavaria, and from California (Zimmer et al. 2007 ). In Pyrola secunda, also Sebacina sp. was encountered as a mycobiont. Chlorophyllous Japanese P. asarifolia has a mycoheterotrophic germination of dust seeds (Hashimoto et al. 2012) in which mycobionts of Sebacinales Group B are heavily involved, as they are in some orchids. The mycobionts of adult plants differ considerably in their composition and have more in common with ECM associates of neighboring trees, including Group A and B sebacinalean taxa. Though well documented, this remarkable developmental metamorphosis in changing mycobionts is not understood but concisely commented on by Hynson et al. (2012) . In contrast, Matsuda et al. (2012) found various basidiomycetous symbionts of the genera Russula, Amanita, Clavulina, Inocybe, Tomentella and Tricholoma, but no Sebacina in P. japonica in a deciduous broadleaf forest with dominating Quercus serrata and Q. acutissima, in the Mie Prefecture, central Japan. The finding of Group B sebacinalean fungi as EEMs on adult roots of Pyroleae is somewhat unexpected, since EEM fungi normally belong to taxa that are also able to form ECM associations. Until direct observation confirms the molecular data, the fact that Group B Sebacinales are also endophytes (see below) has to be considered. In such a case, DNA of endophytes, instead of EEM fungi, could be sequenced.
Ericoid mycorrhizae (ERM)
A mycobiont with continuous dolipore parenthesomes was found by Bonfante-Fasolo (1980) in Calluna vulgaris root hairs, suggesting a sebacinoid origin. The basidiomycetes in Gaultheria shallon ericoid mycorrhizae (ERM) from Vancouver Island yielded mixtures of DNA types with predominating Sebacina in the roots; however, none occurred amongst the isolated cultures in which Capronia sp. and Hymenoscyphus ericae were most frequent (Berch et al. 2002; Allen et al. 2003) . The cross-communication in ERM and ECM partnerships was reviewed by Vrålstad (2004) , especially referring to the interaction between an isolate from the H. ericae aggregate and roots of Pinus sylvestris and Vaccinium myrtillus (Villareal-Ruiz et al. 2004 ). found Group B Sebacinales in 76 ERMs sampled worldwide. Septal pore ultrastructure of hyphae in living host Fig. 6 Phylogeny of Ericaceae and their mycorrhizal types. AM arbuscular mycorrhiza, EEM ectendomycorrhizae , ERM ericoid mycorrhiza, CVM cavendishioid mycorrhiza. Orig. M.-A. Selosse, modified after Selosse et al. (2007) , host tree after Freudenstein (1999) and Kron et al. (2002) cells confirmed the molecular identification (Fig. 3f,g ). In North Swedish experimental plots of V. myrtillus in a Picea abies forest and V. vitis-idaea in a Pinus sylvestris stand, Rhizoscyphus ericae agg., Herpotrichiellaceae and Sebacina spp. provided the most common ERMs (Ishida and Nordin 2010) . Artifical nitrogen enrichment did not change the mycobiont species composition and community structures in measurable dimensions in the understorey dwarf shrubs. Neotropical and temperate Vaccinioideae of North America share their Sebacinales communities, thus indicating that hosts and mycobionts co-migrated (Setaro and Kron 2011) . The high number of 71 fungal taxa, including Sebacina vermifera-like ones, was observed on roots of the model understorey shrub, Rhododendron maximum, from montane hardwood forests in the southern Appalachians, North Carolina (Wurzburger et al. 2011 ). However, except for R. ericae and Oidiodendron maius, these diverse fungi could not be verified as ERM mycobionts. Nevertheless, it is assumed that the genetic diversity of genes encoding multicopper oxidases in these fungi is important for the regulation of nutrient cycles between the plant and the soil environment. In an investigation of the root endophytes of R. fortunei from subtropical Chinese forests, no sebacinalean fungi were detected by Zhang et al. (2009) . In a subalpine peat bog and in adjacent dolomitic rock formations of the Bavarian Alps, Garnica et al. (2012) recorded sebacinalean ERMs on Andromeda polifolia, Calluna vulgaris, Rhododendron hirsutum, Vaccinium myrtillus, V. oxycoccum, and V. uliginosum. Setaro et al. (2006a) studied the ectendomycorrhizal Sebacinales of the Andean Cavendishia nobilis, an endemic, hemiepiphytic species of the Ericaceae in mountain rain forests of southern Ecuador (Fig. 3h) . The term "cavendishioid mycorrhiza" (CVM) was introduced to underline the specific characters, as a hyphal sheath, loose hyphae between cortical root cells and inflated intracellular hyphae, likely a derived feature from EEM ancestors (Fig. 6 ). All CVMs studied were found to be members of Ascomycota and Sebacinales Group B and considered to be specific for the Andean clade of Ericaceae. This assumption could be confirmed by an enlarged sampling of 15 members of the Andean clade ericads with CVMs, in contrast to five other ericaceous hosts with typical ERMs containing intracellular hyphae (Setaro et al. 2006b , Fig. 3i) , thus justifying the newly introduced mycorrhizal type.
Cavendishioid mycorrhizae (CVM)
Mycorrhizal networks and species richness of Sebacinales in tropical mountain forests of South Ecuador
Highly diverse mycorrhizal types and mycobionts were found in an Ecuadorian mountain rain forest with rich AMF mycobionts. CVMs with sebacinoids seem to be specific for the Andean clade of Ericaceae. Epiphytic orchids have sebacinoid and tulasnelloid ORMs. Partially sequenced ITS and LSU regions from sebacinoid mycobionts in ERMs and ORMs of 67 plants in mountain rain forests of southern Ecuador were analyzed, together with all Sebacinales sequences available from GenBank . Clustering optimization revealed that a 1 % LSU distance threshold corresponds to 3 % dissimilarity threshold for ITS. About 8-9 % of observed Sebacinales MOTUs occur in the study area and 74 % are considered as endemic ones, an interpretation that may be difficult to be verified. An unsaturated sampling for Sebacinales in general and also for the study site became evident by estimation of the species richness. Though there is a high Sebacinales diversity in ERMs and ORMs, a Sebacinales hotspot is lacking. Fig. 7 Mycobiont associations in liverworts and hornworts. Fungal phylogeny compiled after various authors, phylogeny of plants compiled after several authors in Ligrone et al. (2012) . Black lines refer to previous data (see accompanying text), red lines include new reports from Bidartondo et al. (2011) Mycothalli in liverworts and Sebacinales mycobionts in jungermanniales (Fig. 7) Liverworts, Marchantiophyta, are considered as the most ancient land plants, and many of them are obligately associated with mycobionts, thus constituting mycothalli. Mycobiont connections between plants for the establishment of liverwort thalli in natural habitats were considered by Turnau et al. (1999) . Glomeromycotan species are the predominant fungal partners of thallose liverworts (e.g. Russel and Bulman 2004) , and were thought to constitute the oldest ones, too. However, recently Endogone and Endogone-like fungi of the Mucoromycotina were found as mycobionts in thalloid liverworts and hornworts (Bidartondo et al. 2011) . They should have given way to Glomeromycota in later phylogenetic lineages (e.g. Redecker et al. 2000) , and finally switches to other fungal groups, including Sebacinales, may have occurred. Using molecular techniques, Kottke et al. (2003) detected mycobionts in the foliose liverworts Calypogeia muelleriana, Lophozia incisa and L. sudetica belonging to the Sebacinales cluster of Sebacina vermifera (Fig. 3j) ; in Aneuraceae, however, exclusively Tulasnella spp. were found as mycobionts (Kottke et al. 2003; Kottke and Nebel 2005; Kottke et al. 2008; Krause et al. 2011) . Symbiotic associations of liverworts with fungi were considered as possible ancestors of mycorrhizae by Nebel et al. (2004) . Newsham and Bridge (2010) found that Sebacinales associates of the leafy liverwort Lophozia excisa in the southern maritime Antarctic represent the sister group of sebacinalean mycobionts of European Lophozia and Calypogeia species. Basidiomycetous mycobionts of 30 liverwort species from worldwide locations were analyzed by Bidartondo and Duckett (2010) . Species of Barbilophozia, Calypogeia, Diplophyllum, Lophozia, Nardia, Sarcogyna, Scapania, Southbya, and Tritomaria, members of the Jungermanniales, were associated with taxa of the S. vermifera complex. Surprisingly, in two Aneura pinguis from UK and USA, Sebacina was also detected, whereas in all other collections of this and other Aneura species, as well as in Lobatiriccardia, Tulasnella spp. were found as mycobionts. Liverworts and early land plant symbioses were reviewed by Selosse (2005) , with the suggestion that the possibility of a secondary, late origin for liverwortfungal associations should not be overlooked. This may actually happen for associations with Sebacinales. Jungermannioid mycothalli as well as ericoid and cavendishoid mycorrhizae are so far only known from Sebacinaceae Group B ).
Sebacinalean endophytes
The term endophytes, comprising also parasites, was first used by de Bary (1884) for contrasting the epiphytic growth of fungi. Nowadays, the endophytic life of microorganisms is widely considered not to cause any pathogenic symptoms on the hosts. However, the interactions of endophytically living fungi are often much more complex as to be in line with such a simple definition (Porras-Alfaro and Bayman 2011). Hyde and Soytong (2008) compiled the history of studies on endophytes, their definitions, isolation and identification techniques, as well as questions about their biodiversity and role in plant associations. When specific PCR primers for ribosomal DNA of Sebacinales were used on non-basidiomycorrhizal host roots, many cryptic sebacinalean taxa were detected (Riess 2009 , Fig. 3k,l, Selosse et al. 2009 Weiß et al. 2011) . In these cases, ECMs, ORMs, EEMs, ERMs, and CVMs are excluded, and a specific morphological equivalent is lacking. Thus, we call sebacinalean endophytes mycobionts of roots and thalli of host plants without specific morphological characteristics. Only for Piriformospora indica do detailed studies exist for the fungal-plant interactions in ontogenetic sequences (see below). A plesiomorphic stage has been assumed for sebacinalean endophytes , Weiß et al. 2011 , but the interactive predominance of the hosts has to be considered as a crucial component. An almost universal presence of Sebacinales as symptomless endophytes is documented by Selosse et al. (2009 ), Weiß et al. (2011 and Garnica et al. (2012) with proofs for the following plant families: Adoxaceae, Alliaceae, Aneuraceae, Apiaceae, Araceae, Araliaceae, Asteraceae, Balsaminaceae, Boraginaceae, Brassicaceae, Campanulaceae, Caryophyllaceae, Combretaceae, Cyperaceae, Dipsacaceae, Equisetaceae, Euphorbiaceae, Fabaceae s.l., Gentianaceae, Geraniaceae, Grossulariaceae, Onagraceae, Hypericaceae, Juncaceae, Lamiaceae, Lentibulariaceae, Liliaceae, Linaceae, Malvaceae, Melanthiaceae, Oleaceae, Orobanchaceae, Oxalidaceae, Papaveraceae, Parnassiaceae, Phyllanthaceae, Plantaginaceae, Poaceae, Podocarpaceae, Polygalaceae, Polygonaceae, Primulaceae, Ranunculaceae, Restionaceae, Rosaceae, Rubiaceae, Sapindaceae, Saxifragaceae, Selaginellaceae, Solanaceae, Thuidiaceae, Thymelaeaceae, Urticaceae, Valerianaceae, Violaceae, and Vitaceae. Most likely, this is only a minor part of host taxa randomly checked for cryptic sebacinalean endophytes.
Phylogenetic diversity and structure of sebacinoid fungi associated with plant communities
In a study of eight vegetation communities along an altitudinal gradient between 1,000 and 1,800 m on Mt. Iseler in the Bavarian Alps, Garnica et al. (2012) found 264 sebacinoid sequences from 70 host species of 44 plant families. They were grouped in 73 MOTUs, containing 39 % singletons, spread over the Sebacinales phylogenetic tree with a preference of Group B. The diversity of MOTUs did not decrease with increasing altitude of the sampling plots.
MOTUs from grazing meadow, hay meadow, Krummholz formation, and peat bog showed significant phylogenetic clustering. In contrast, sebacinoids from Alpine rose rock association had a random trend in phylogenetic structure, while such trends were not apparent in communities of spruce and ravine forests. Multiple colonizations by sebacinoid mycobionts were found in trees, shrubs and perennial herbs. The available data allow the interpretation that host plants are linked into a common mycelial network within the same site, e.g. an acidophilic group in the peat bog with ERMs. However, Sebacinales community structures appear not to be determined by vegetation structures alone, but rather also by abiotic factors and biotic disturbances.
Piriformospora indica
While trying to isolate arbuscular mycorrhizal fungi from soil of the Indian Thar Desert, an easily culturable, nonglomeralean anamorphic species, Piriformospora indica, was found by Verma et al. (1998, see above) . It remains unclear whether P. indica was associated in situ with roots of Prosopis juliflora and/or Ziziphus nummularia, woody shrubs that were growing in the collecting area. Co-cultures with mainly useful plants, but also with Arabidopsis thaliana, resulted in colonization of the epidermal and cortex layers of the roots and in beneficial effects to the host plants. In this part of the review we will focus on the most important findings, and specifically refer to recently published articles (e.g. Basiewicz et al. 2012 , Qiang et al. 2012b ) and reviews (e.g. Bonfante and Anca 2009; Shoresh et al. 2010; Singh et al. 2011; Lahrmann and Zuccaro 2012; Qiang et al. 2012a; Zamioudis and Pieterse 2012; Varma et al. 2012) .
Root colonization and cellular interactions with experimental host plants
Infection experiments with Hordeum vulgare and Arabidopsis thaliana have shown that P. indica prefers to penetrate living root cells of the maturation zone requiring suppression of the plants' immunity systems (Deshmukh et al. 2006; Jacobs et al. 2011; Qiang et al. 2012b) . Fungal hydrolytic enzymes, lectins and small secreted effector proteins , as well as changes in the plant hormone homeostasis and cellular Ca 2+ elevation, are involved in the early colonization process, in which intracellularly growing hyphae are encased by the host plasma membrane (Schäfer et al. 2009; Matzke et al. 2010; Zuccaro et al. 2011; Lahrmann and Zuccaro 2012) . Data of Camehl et al. (2010) and Khatabi et al. (2012) allow the interpretation that P. indica induces ethylene synthesis in Arabidopsis and Hordeum roots and that differential ethylene signaling is required to establish root colonization by the mycobiont (Plett 2010) . Further jasmonic acid was reported to be an important regulator of induced systemic resistence in this system (Van der Ent et al. 2009 ). Fungal and plant ABC-transporters and those for nitrogen, carbohydrate, and phosphate (Yadav et al. 2010; Kumar et al. 2011; Zuccaro et al. 2011 ) are active during this interactive stage, and also in the following one with predominant host cell death, continuous growth and chlamydospore formation of the mycobiont ). Fungal and host genome-based analyses are now possible and will allow the identification of the metabolic pathways involved in the interaction. Surprisingly, death of host cells is the consequence of the early interactive phase (Qiang et al. 2012b) , allowing the fungus to colonize host cells with then beneficial effects for the autotrophic partner. This process involves early plant protein modifications in the endoplasmic reticulum and at the plasma membrane (Peskan-Berghöfer et al. 2004) , and is mediated by an ER stress-triggered caspase-dependent cell death in Arabidopsis (Qiang et al. 2012b) . To understand such changing developmental and functional interactive stages is a challenge, and the application of terms like parasite, mycorrhizal mycobiont, or endophyte for the fungus seems problematic (Kogel et al. 2006) . Death of some cells is not contradictory to a biotrophic behaviour at tissue level, or a benefit at the organismic level.
Chemical fungal-plant interactions and signaling
In the interaction of P. indica with seedlings of the experimental hosts A. thaliana and Nicotiana tabacum, nitrogen was accumulated and the genes for nitrate reductase and for the starch-degrading enzyme glucan-water dikinase (SEX1) were stimulated in the roots . Free sugars and aminoacids are reduced at root tips during fungal colonization, suggesting that the presence of the fungus acts as a sink (Schäfer et al. 2009 ). One of the first proteins responding to the presence of P. indica in the root of A. thaliana is a meprin and TRAF homology (MATH) protein in the plasma membrane . The MATH protein is modified before physical contact between P. indica and A. thaliana, indicating that recognition of the symbiont is mediated by diffusible molecules that induce modification of the protein in the plasma membrane . In comparative inoculation experiments of Hordeum with the leaf pathogen Blumeria graminis, P. indica chlamydospore pretreated host plants were significantly more resistant than untreated ones (Felle et al. 2009) . A correlation with an apoplastic alkalinization response of barley was evident. Inoculation of Zea mays with P. indica suppresses further colonization of the host by Fusarium verticillioides through antioxidant enzyme activities (Kumar et al. 2009 ). In addition to altered secondary metabolites, early flowering and increased biomass were also found in Coleus forskohlii when co-cultured with P. indica . The Indian Apiaceae, Centella asiatica, is widely used in Asian traditional medicine. Plants cultured in vitro together with P. indica not only showed higher biomass, but also enhanced biosynthesis of asiaticosides (Satheesan et al. 2012 ).
Growth stimulation of host plants
Inoculation experiments and application of culture filtrates of P. indica to Artemisia annua, Bacopa monnieri, Nicotiana tabacum, Petroselinum crispum, and Populus tremula resulted in promotion of plant growth and biomass production (Varma et al. 1999) . Similar results were reported for the medicinal plants, Spilanthes calva and Withania somnifera under nursery and field growth conditions (Rai et al. 2001) . Greenhouse and field pot culture experiments with P. indica inoculated Hordeum vulgare resulted in significantly increased growth and photosynthesis rates, as well as an enhanced resistance against the specific leave pathogen Blumeria graminis f. sp. hordei (Achatz 2006). Also under diverse nutrient regimes, an accelerating development of barley plants led to improved grain yield (Achatz et al. 2010) . Acceleration in vegetative and fruit development of Lycopersicon esculentum has recently been reported by Andrade-Linares et al. (2012) . Promotion of adventitious root formation by P. indica in cuttings of Euphorbia, Pelargonium, and Petunia species were reported by Druege et al. (2007) . Shahollari et al. (2007) were able to identify a leucine-rich repeat protein induced by P. indica that appeared to promote growth and seed production in Arabidopsis thaliana. Indole-3-acetic acid is produced by P. indica in liquid culture, and is assumed to affect plant growth as shown in sterile cultures of A. thaliana by Sirrenberg et al. (2007) . Vadassery et al. (2008) suggested that P. indica-induced cell division and elongation in Arabidopsis requires a specific auxin to cytokinin ratio for root and shoot growth, and that growth promotion is independent of the root architecture. However, in Brassica campestris ssp. chinensis and A. thaliana, growth is not stimulated by P. indica myceliumsynthesized auxin (Lee et al. 2011) . Accordingly, it was recently shown by the use of P. indica RNAi strains compromised in IAA and ILA production that fungal derived auxin is not required for growth promotion, but is involved in the biotrophic colonization of barley roots, leaving the option open whether P. indica-elicited host auxin biosynthesis modulates plant development and defense (Hilbert et al. 2012) . Growth stimulation in A. thaliana by P. indica can be initiated by stimulating phosphatidic acid (PA) synthesis with consequent activation of the 3-phosphoinositide dependent kinase 1 (PDK1) and the AGC kinase oxidative signalinducible1 (OXI1) that is involved in reactive oxygen species dependent responses for root hair elongation, and in defense against bacterial and oomycetous infections Camehl et al. 2011; Rentel et al. 2004; Petersen et al. 2009 ). In P. indica-colonized roots, OXI1 and PDK1 gene expression is upregulated, while defense genes are downregulated by the influence of the mycobiont, indicating that the host's growth response, and not defense induction, is mediated by the PLD-PDK1-OXI1 cascade during P. indica colonization. Congruently, Arabidopsis mutants of the proteins OXI1 and PDK1 kinases display no longer growth stimulation by P. indica (Camehl et al. 2011 ).
Improvement of resistance and tolerance of host plants Waller et al. (2005) found that reprogramming of Hordeum vulgare by P. indica is associated with an elevated antioxidative capacity due to an activation of the glutathioneascorbate cycle, thus improving salt-stress tolerance, resistance to the leaf pathogen powdery mildew Blumeria graminis f. sp. hordei, and yield. Molitor et al. (2011) showed that the increased resistance in barley leaves due to P. indica priming is associated with a faster induction of expression of transcripts for pathogenesis-related and heat shock encoding genes after B. graminis inoculation in P. indica colonized compared to non-colonized barley plants. Increased systemic resistance by P. indica was proven also for the stem base pathogen Pseudocercosporella herpotrichoidea and the root parasite Fusarium culmorum by Serfling et al. (2007) and for Golovinomyces orontii parasitic on Arabidopsis leaves, which required cytoplasmic localization of the nonexpressor of pathogenesis related genes (NPR1) and jasmonic acid signaling, while it is independent of salicylatebased mechanisms (Stein et al. 2008) . The symptom severity was significantly reduced in these cases as well as under field experiments with P. herpotrichoides; however, not in the case of Blumeria. It was suggested that Central European temperatures are not well suited for P. indica under field conditions (Serfling et al. 2007 ). There is evidence that P. indica confers drought stress tolerance to Arabidopsis (Sherameti et al. 2008) , indicated by the upregulation of the salt-induced and drought-induced ring finger 1, the calcineurin B-like protein, and the histone acetyltransferase after exposure to drought stress in the leaves of P. indica-colonized seedlings. Rodriguez and Redman (2008) questioned the increase of antioxidant systems induced by P. indica in the host. However, using salt-sensitive and salttolerant cultivars of Hordeum vulgare for colonization experiments with P. indica, Baltruschat et al. (2008) suggested that antioxidants may play a role in inherited, as well as in mycobiont-mediated, plant tolerance to salinity. In Brassica campestris ssp. chinensis, P. indica retarded a drought-induced reduction of photosynthesis rate by avoiding degradation of chlorophylls and thylakoid proteins (Sun et al. 2010) .
Transitions in trophic stages and experimental host range
Trophic stages in P. indica-plant cellular interactions change considerably during the ontogeny of the mycobiont, thus hampering to apply a simple terminology. In general, there is growing consensus that only few interactive organismic dependencies can be easily categorized (Newton et al. 2010a) . Piriformospora indica and its host-dependent development is a good example to characterize the different steps functionally, as has been done under various experimental approaches. The steps are: (1) intracellular growth of the mycobiont, (2) limited cell death of the host, and (3) chemical signaling to initiate growth, biosynthesis of metabolites, defense, and resistance responses of the host. General biochemical and genetic principles appear to be involved in these interactions. Otherwise, the broad experimental host range of angiosperms (e.g. Varma et al. 2001; Molitor and Kogel 2009 ), could not have been applied in experimental studies (see Sebacinalean endophytes). So far, there are no plant species known that cannot be colonized by P. indica (Klute 2011) , the 145 tested until 2009 ) referring exclusively to experimental approaches. Oelmüller et al. (2009) report on a vast geographical distribution of P. indica from Asia, South America and Australia. We cannot verify such distribution patterns from original publications. In contrast, to our knowledge, P. indica has been isolated only once from the Indian Thar desert, and this strain has been used as the only one in all experimental studies carried out so far.
Genome, transcriptome and secretome of Piriformospora indica
The genome of P. indica has a size of about 25 Mb and contains 11,769 gene models with very little (4.7 %) repetitive DNA (Zuccaro et al. 2009; Zuccaro et al. 2011) . Compared to the relatively small genome, the large number of predicted open reading frames (ORFs) with an average distance between genes of 530 bp, indicates that P. indica possesses a gene dense genome . In eukaryotes, the existence of significant gene redundancy is considered an important element in their molecular evolution (Li et al. 2010) . In P. indica, the occurrence of multiple gene copies with similar functions could therefore have contributed to the wide experimental host range displayed by this mycobiont. Within the gene families that expanded in the P. indica genome, a broad range of hydrolytic enzymes could be identified, such as members of the GH10, GH11 and GH61, metallopeptidases of the families M36 and M43 and proteins containing the cellulose binding domain CBM1. In contrast to ECM mycobionts in which glycoside hydrolases and peroxidases are reduced or lacking, gene families encoding hydrolytic enzymes are typical in saprotrophic fungi. Therefore, it is not surprising that the P. indica hydrolytic machinery displays considerable similarity with expanded gene families for hydrolytic processes in white rot fungi (Lahrmann and Zuccaro 2012) . A significant enrichment for protein binding domains (WD domain, G-beta repeat-WD40; NACHT domain; tetratricopeptide repeat-TPR_4 domain), together with proteins most probably involved in signaling and regulation of cellular responses to stress and nutrient availability (NB-ARC, Galpha protein, F-box, RAS and RHO families), was reported by Zuccaro et al. (2011) . These expansions may help P. indica to sense and couple signals received from the external environment with the intracellular signaling pathways, and to quickly respond and adapt to different plant signals and host metabolic states. Proteins with carbohydrate binding functions (e.g. protein containing LysM, WSC or CBM1 domains) were also reported to be exceptionally expanded in the P. indica genome Lahrmann and Zuccaro 2012) . Plants recognize microbial invaders (pathogens or mutualistic symbionts) by detecting conserved microbial structures: the so-called microbe-associated molecular patterns (MAMPs, or more specifically pathogen-associated molecular patterns, PAMPs). Among MAMPs, chitin and flagellin are most probably the best known. Perception of MAMPs leads to an extracellular oxidative burst, which requires the production of reactive oxygen species (ROS), a potent signaling molecule in the plant immune response. The success of microbes to invade plants reflects their ability to evade and/or to reprogram host metabolism and to manipulate the plant immune response. It was recently reported that during colonization of the intercellular spaces of the leaves by Cladosporium fulvum, the cause of leaf mold in Solanum lycopersicum, the fungus secretes effector proteins to establish disease, one of which, Ecp6 (for extracellular protein 6), is a chitin-binding lectin that contains LysM domains (de Jonge et al. 2010) . This effector was shown to mediate virulence through perturbation of chitin-triggered host immunity. During infection, Ecp6 sequesters chitin oligosaccharides that are released from the cell walls of invading hyphae to prevent elicitation of host immunity. Recently, it was shown by Jacobs et al. (2011) that this symbiont can evade detection and suppresses immunity triggered by various microbe-associated molecular patterns. Because LysM effectors are widely conserved in the fungal kingdom and have been implied several times in host immune suppression by fungal pathogens (Marshall et al. 2011) , it was suggested that the existence of multiple gene copies for the LysM domain containing proteins in P. indica might play a role in evading host defense Lahrmann and Zuccaro 2012) .
Besides gene family expansions in P. indica, reported on the lack of genes for nitrogen metabolism and for biosynthesis of toxic secondary metabolites (e.g. polyketide synthases and non-ribosomal peptide synthases), which was implicated in biotroph-associated genomic adaptations (Spanu et al. 2010) . Not unexpectedly, coexistent genomic traits for saprotrophic and biotrophic lifestyles exist in P. indica that correspond with ontogenetic interactive stages of the mycobiont with its experimental hosts. Also, the presence of small secreted proteins (SSPs, < 300 amino acids) supports a biotrophic life phase that may comprise some 10 % of the plant-induced genes during early stages of Hordeum vulgare colonization . A newly detected putative protein effector family, DELD, shows a common motive of seven amino acids, RSIDELD, indicating a common functional role in mycobiont-host interactions (Klute 2011; Zuccaro et al. 2011) . Similar to effector proteins in other plant-associated fungi, members of the DELD family have an increased expression in planta and were associated with transposable elements Spanu 2012 ). The ability of P. indica to colonize living cells biotrophically and dead cells saprotrophically is reflected in its transcriptome. Comparisons in protein blast searches and gene expression studies documented that the genes induced during colonization of living roots of H. vulgare are more similar to the genes of the ectomycorrhizal Laccaria bicolor, whereas P. indica genes induced on dead roots have higher similarity to those of the saprotroph Coprinopsis cinerea . The relationship between the predicted secreted proteins and the total gene content of fungi has been calculated by Lowe and Howlett (2012) . For P. indica, the large proportion of approximately 1,600 secreted proteins was found, similar to those in the rice blast fungus Magnaporthe oryzae, and roughly double in size compared to the number (867) given by Zuccaro et al. (2011) , using a more stringent cut-off threshold for the prediction of secreted proteins.
Sebacina vermifera agg
The anamorphic Piriformospora indica and related species of the S. vermifera species complex can grow in various host plants endophytically. Because S. vermifera can easily be cultivated on artificial media (Warcup and Talbot 1967; Warcup 1971 Warcup , 1981 Warcup , 1988 Bougoure et al. 2005) , it is increasingly used for experimental studies, mostly in approaches complementary to those of P. indica. Both induce positive growth effects and stronger resistance against abiotic and biotic stress factors in Hordeum vulgare (Deshmukh et al. 2006) . Barazani et al. (2005) found that P. indica and S. vermifera increase growth performance at the expense of herbivore resistance in Nicotiana attenuata. By inhibiting ethylene signaling, S. vermifera promotes the growth and fitness of N. attenuata (Barazani et al. 2007 ). Colonization of H. vulgare roots by P. indica, as well as by S. vermifera, causes systemic resistance against the specifically parasitic Blumeria graminis f. sp. hordei (Waller et al. 2007 ). An enhanced production of podophyllotoxins in cocultures of Linum album cells with P. indica and S. vermifera were reported by Baldi et al. (2010) . In vitro and pot culture experiments of Thymus vulgaris with P. indica or S. vermifera improved plant growth, oil yield and the percentage of thymol (Dolatabadi et al. 2011a) . Similar experiments were carried out with the host plant Foeniculum vulgare, and comparable positive results were obtained (Dolatabadi et al. 2011b) . Panicum virgatum, co-cultivated with S. vermifera under well watered and under drought conditions produced significantly higher biomass than noninoculated plants (Ghimire and Craven 2011) . It is tempting to infer that many Group B Sebacinales may be influential, if not beneficial, endophytes of plants.
Endobacteria of Piriformospora indica and Sebacina vermifera agg
The intracellular presence of bacteria in mycorrhizal fungi has been reported since transmission electron microscopy provided unambiguous evidence. They were detected in aging ECMs (Berndt et al. 1990 ), but also considered as helper-bacteria in triple associations (Duponnois and Garbaye 1990, 1991; Buscot 1994; Garbaye 1994) . The α−proteobacterium Rhizobium radiobacter was found to be stably associated within hyphal cells and chlamydospores of P. indica by Sharma et al. (2008) . Also in S. vermifera isolates, species-specific associations with Acinetobacter, Paeniobacillus and Rhodococcus spp. were detected. In addition, attempts to obtain bacteria-free P. indica and S. vermifera strains in axenic cultures failed. However, it was possible to isolate R. radiobacter and to inoculate Hordeum vulgare seedlings, showing growth promotion and systemic resistance to Blumeria graminis f. sp. hordei. Systemic resistance in Arabidopsis thaliana against Golovinomyces orontii could be induced by R. radiobacter (Sharma 2008 ). Fungal and/or bacterial shares in the plant responses have not been elucidated so far. However, the possibility exists that bacterium-originated N-acyl homoserine lactones are involved in stimulating plant responses (Schikora et al. 2011) . Rhizobium radiobacter is considered to be identical with Agrobacterium tumefaciens, a soil-borne pathogen (Newton et al. 2010b ) that can lack virulence genes. It can be expected that future studies reveal an interphylum network of nutritional interactions, as recently shown for AMF fungi (Ghignone et al. 2012) .
Potential applications
The beneficial effects of Piriformospora indica and Sebacina vermifera s.l. mycobionts on experimental host plants, comprising increased growth, seed and metabolite yield, stimulation of systemic defence against parasites, and improved resistance towards abiotic and biotic stresses, are well documented. Thus, the application of these mycobionts for improved cultivation of useful plants has been tested under various experimental designs. Considering natural growth conditions, both P. indica from India, and S. vermifera strains from Australia would be exotic inoculants with uncertain ecological adaptations, at least for North temperate regions. Any further development of Sebacinales as inoculants for plants would have to demonstrate their ability to persist in plants over the long term, especially under natural conditions. Sebacinalean endophytes have a worldwide distribution and an unparalleled interactive spectrum with land plants. Considering the distributional and ecological diversities, it is highly enigmatic that only two Piriformospora species and several strains of S. vermifera could be isolated and kept in axenic cultures so far. This statement does not include saprotrophic taxa, like species of the genera Craterocolla and Efibulobasidium. The cryptic diversity of the Sebacinales, and their great importance for research in mycorrhizae and potential applications in agriculture, were discussed by Weiß (2007 Weiß ( , 2010 . Varma et al. (2012) predict biotechnological applications of P.indica in agriculture, floriculture, viticulture and the reclamation of contaminated soils.
Synthesis
The ubiquitous distribution and association with land plants in all mycorrhizal types, except AMFs, recognized so far, , is a unique feature of sebacinalean fungi. There is strong evidence for an originally endophytic lifestyle of Sebacinales. These endomycobionts were recorded with molecular techniques and partly verified by their micromorphology and ultrastructure. Their enormous cryptic biodiversity, indicated by environmental sequence taxa, is unparalleled in Basidiomycota, and their present inaccessibility as organisms is most challenging. Unfortunately, it appears to be extremely difficult with the techniques available today to gain a better understanding of this enigmatic diversity.
However, on the other hand, there are the model organisms Piriformospora indica and Sebacina vermifera. The remarkable outcome of new data in these species through experimental studies was and remains very stimulating. The sequenced genomes of both open new perspectives for analyzing fungalplant interactions, and also analyzing their co-evolutionary patterns. Present studies focus on experimental investigations with Arabidopsis thaliana, a most unexpected but obviously perfectly functional host. 
